Summary: Huntington's disease is an autosomal dominant genetic disease, which results in progressive neuronal degeneration in the neostriatum and neocortex, and associated functional impairments in motor, cognitive, and psychiatric domains. Although the genetic mutation is identified, involving an abnormal CAG expansion within the htt gene on chromosome 4, the mechanism by which this leads to neuronal cell death and the question of why striatal neurones are targeted both remain unknown. Thus, in addition to the search for molecular and genetic strategies to inhibit development of the disease, we still need to identify effective strategies for cellular repair in affected individuals. Aspects of the human neuropathology can be well modeled by excitotoxic or metabolic lesions in experimental animals, and in transgenic mice carrying the htt mutation, providing the basis for testing alternative therapeutic strategies. The rationale and efficacy of alternative cell therapies are reviewed, including transplantation repair with embryonic striatal tissues, expansion and differentiation of striatal-like cells from stem cells, and in vivo and ex vivo gene therapy for delivery of neuroprotective growth factor molecules. Pilot and experimental clinical trials of several approaches are now also underway, and the alternative strategies are compared.
INTRODUCTION
Huntington's disease is an autosomal dominant neurodegenerative disorder associated with progressive cell loss and atrophy predominantly in the striatum and neocortex.
1,2 Onset is typically in middle age (median age, 35-40 years) but can also occur less commonly in juveniles and in old age; the corticostriatal pathology is associated with a triad of cognitive, motor, and psychiatric symptoms leading to progressive disability and death within approximately 15-20 years. The disease is attributable to an inherited mutation of a polyglutamine expansion in a gene on chromosome 4, huntingtin (htt), the function of which still remains unknown 10 years after its identification. 3 Although the mechanism of toxicity also remains unknown, the mutant protein exhibits abnormal aggregation and is toxic to cells in vitro. Moreover, abnormal huntingtin protein aggregates are seen to form within the cytoplasm and congregate within the nucleus of affected neurons both in postmortem brain tissues from patients 4 and in transgenic animal models of the disease. 5 Again, why these aggregates should concentrate in striatal neurones, and whether they are the cause of, or a marker of, the cell's response to degeneration remains unknown. It can be anticipated that as we understand progressively more about the mechanisms of pathogenicity, new and more specific strategies for therapy will become available. In the meantime, therapeutic approaches can be considered along the following progression: from an early perspective of the disease as a devastating and untreatable progressive form of madness or dementia, through the recent decades during which a range of psychiatric drugs can alleviate some of the more overt disturbances of mood and hyperactivity but have no influence on the cognitive symptoms or progression of the disease, to a contemporary search for therapies at the cellular level to protect or slow cell death and to replace lost cells by transplantation. The approach to treating psychiatric symptoms is based on general pharmacological principles not specific to Huntington's disease, which are already well established in clinical practice, and this literature is well reviewed elsewhere. 6, 7 By contrast, the newer cell-based therapies, which are specifically targeted at the cellular pathology of Huntington's disease, is an area of active contemporary research that has only recently reached the stage of preliminary clinical trials and is the topic to which we restrict the present overview.
ANIMAL MODELS OF HUNTINGTONS DISEASE Excitotoxic amino acids
The development of cell-based therapies for Huntington's disease has over the last two decades been heavily dependent upon the models available for their investigation. Until recently, the most widely studied models have involved the use of excitotoxins and other cellular cytotoxins to induce patterns of cell loss in the brain of experimental animals that mimic the pathology of the human disease. The first such model involved stereotaxic injection of the prototypical excitotoxin kainic acid into the neostriatum of rats, inducing focal striatal cell loss and neurochemical depletions in dopamine, acetylcholine, and GABAergic markers of the intact striatum, whereas sparing fibers of passage. 8 -10 However, kainic acid has marked epileptogenic side effects causing remote nonspecific damage, and was soon replaced first by ibotenic acid and then quinolinic acid as the excitoxins of choice to produce less nonspecific toxicity and a profile of striatal cell loss that more closely mimics that seen in the human disease. 10 -12 These toxins target striatal neurones and consequently induce hyperkinesias, impaired motor skills, and deficits in spatial maze learning and executive function that are the equivalent in the rat of key motor and cognitive symptoms of human Huntington's disease.
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Metabolic toxins
A second class of model that has attracted increasing attention over the last decade is use of toxins such as 3-nitropropionic acid or malonate that disrupt mitochondrial energy metabolism, leading to striatal cell death and functional deficits 14, 15 by a mechanism that may reflect similar deficits in cellular metabolism observed in Huntington's disease. 16 Some of the closest mimicry of the human disease has been provided by slow chronic administration in experimental primates. 17 However, although metabolic toxins may provide a higher level of neuropathological validity than excitotoxic lesions, the interanimal variability and the incidence of gross nonspecific striatal damage are higher, it requires very slow chronic titration of delivery to achieve an acceptable level of specificity, and in practice these toxins are less suitable for exploring many cell therapies than the conventional excitotoxins.
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Transgenic mice
With the identification of the mutant gene, several groups have now generated transgenic mice carrying different forms of the mutant gene. 19 The first reported strains involved insertion of an exon 1 fragment of the human gene carrying greatly expanded (115-150) CAG repeat lengths. 20 Of the several lines generated, the R6/2 line has been the most studied, and exhibits the development of a behavioral phenotype involving ataxia, tremor, and a tendency to epilepsy from 8 weeks of age. The disease progresses rapidly with marked weight loss, and results in death by ϳ13-15 weeks of age. 20 Subsequent behavioral studies have indicated clear cognitive as well as motor impairments equivalent to those observed in human Huntington's disease. 21, 22 Although these mice show rather little overt cell death, at least until the very latest stage of the disease, it was in this strain that the intraneuronal nuclear inclusions were first demonstrated, 5 suggesting that the phenotype is an expression of abnormal function of cells expressing the mutant protein rather than a result of cell death per se. This is supported by subsequent demonstration of impaired mitochondrial function in striatal neurons, 23 abnormalities in the expression of glutamate, dopamine, and cholinergic receptors in the striatum, 24 and abnormalities in synaptic plasticity seen in reduced long-term potentiation in hippocampal slices 25 from transgenic animals. Several other transgenic lines have subsequently become available, including transgenics containing different fragments of the huntingtin gene, insertion of the full-length gene in yeast artificial chromosomes, and knock-in of the human gene or mouse gene containing expanded CAG repeats into the normal gene locus. These each exhibit different profiles of aggregate expression, cellular pathology, and functional impairment, with significant differences in the time course of expression, disease, and lifespan. 19 Of particular interest is the HD94 mouse line, containing an N-terminal fragment of the htt gene with 94 CAG repeats under the control of the TetOff conditional expression system. 26 Untreated mice exhibit motor symptoms from ϳ4-8 weeks of age, they express the mutant gene and develop inclusions when examined at 8 weeks of age, and show overt cell loss by 18 weeks of age, although disease is not so severe and lifespan is only moderately shortened. Switching off gene expression by administration of doxycycline from 18 weeks of age not only blocks further development of the disease but, more surprisingly, cellular inclusions retract and normal behavior is restored by 34 weeks of age. 26 This provides further evidence not only that cellular dysfunction rather than cell death is the key cause of symptoms, at least early in the disease, but offers a particular stimulus for developing treatment modalities targeted at blocking the development of cellular dysfunction.
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PRIMARY FETAL CELLS FOR STRIATAL TRANSPLANTATION
Striatal transplantation in animals
Embryonic striatal tissues have been transplanted into the site of excitotoxic striatal lesions in mice, rats, and monkeys, where the grafts are seen to survive, express a wide range of cellular markers characteristic of the nor-mal striatum, and function as demonstrated by alleviation of a range of behavioral deficits associated with the lesions. Thus, recovery has been described on motor tasks such as locomotor hyperactivity, rotational asymmetry, and use of the forepaws for skilled movements such as the reach, grasp, and retrieval of food pellets from narrow containers, and in a range of cognitive tasks, including passive avoidance, spatial learning, and delayed alternation, and in associative learning tasks in operant chambers. [27] [28] [29] Correct performance of such cognitive tasks in particular requires the striatum to be integrated in a cortical-subcortical network, and recovery by grafts appears to require restoration of a functional circuitry in the brain. 30 Indeed, under appropriate implantation conditions, striatal grafts develop rich afferent and efferent connections with appropriate targets in the host brain, 31 which are shown to be functional both electrophysiologically 32,33 and neurochemically. 34 -36 Therefore, there is now considerable evidence to indicate that striatal grafts can yield a functional repair of striatal cell loss that is similar to this aspect of the cellular pathology of Huntington's disease.
Striatal cell transplantation has developed almost entirely using excitotoxic lesion models, and there have been only two studies so far of cell transplantation in transgenic mice. In the first, we showed that striatal grafts survive readily in the striatum of R6/2 mice without the grafts themselves developing inclusion pathology, but the functional effects in alleviating hypokinesia were modest. 37 In the second, cortical grafts in the anterior cingulate cortex of R6/1 transgenics also produced a modest delay in the development of motor symptoms.
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Both studies emphasize the need to consider the extent to which both striatal lesions and transgenic mouse models are predictive to the clinical situation. In the excitotoxic lesions, pathology has a restricted focus in the striatum and does not include the cortical pathology that develops later in the human disease. By contrast, in the transgenic mouse models, pathology can be very widely distributed throughout the brain, 39 far more extensively than has typically been described in the adult human condition. Consequently, a more detailed consideration of graft placement will be essential in defining optimal modeling of potential clinical applications. As the disease progresses, the human pathology encompasses neocortical and other areas of the brain, but the striatal degeneration typically appears first; cell loss here is the most extensive, with the most widely affected cortical areas being the prefrontal and other areas of association cortex that project most heavily to the striatum. 40, 41 Thus, if the striatal pathology is primary, then striatal repair by cell transplantation may provide an effective reparative therapy. Conversely, others have argued that cortical and striatal pathology may be independent features of the disease 42 and, because we require an intact circuit involving both cortical and subcortical components, focusing repair on just one, albeit major, component is unlikely to be effective. 43 There remains no unequivocal neuropathological evidence that can convincingly discriminate between these hypotheses. Consequently, well conducted clinical trials are now required not only to determine whether clinical efficacy of neuronal grafts, similar to that which has been demonstrated in Parkinson's disease, 44 ,45 can translate to Huntington's disease, 46 but also to resolve the underlying dispute regarding the mechanisms of graft influences on disease progression and function.
Preclinical studies
The first steps in developing an effective clinical transplantation program in Huntington's disease requires the preclinical validation of the protocols and procedures necessary for translation of animal studies to man. This involves determination of the optimal parameters for collection and preparation of human fetal tissues for transplantation. Thus, a combination of anatomical studies of human development, growth of human striatal cells in culture, and xenotransplantation of human striatal tissues into experimental rats or mice, indicates that human fetal tissues at around 8-10 weeks of gestational age are likely to be suitable for harvesting striatal tissues for transplantation. 47, 48 Moreover, the xenotransplantation studies allow the accuracy of the striatal tissue identification and dissection to be validated so as to confirm that the striatal tissues collected do indeed differentiate into striatal neurones. 49 -51 The optimal dissection has been a particular issue of concern. Striatal grafts in rats typically have a "patchy" appearance comprising both striatal-like and nonstriatallike compartments, depending on the morphology, neurochemical phenotypes, and receptors expressed by the cells. 52 The striatum develops from the lateral and medial ridges of the ganglionic eminence (LGE and MGE, respectively) in the floor of the embryonic lateral ventricle. 53 Traditionally, striatal grafts comprised the whole ganglionic eminence (i.e., containing both medial and lateral parts). However, Isacson and colleagues 54, 55 have shown that the grafts with the highest proportion of striatal-like cells, as determined by concentrations of acetylcholinesterase-positive neuropil, were obtained with a dissection restricted to the lateral compartment, and this has been confirmed using other measures such as DARPP-32 (dopamine-and adenosine 3Ј,5Ј-monophosphate-regulated phosphoprotein, Mr ϭ 32,000) staining of medium spiny projection neurons. [55] [56] [57] [58] This would suggest that an LGE dissection would be optimal for maximizing specificity and functional recovery. Conversely, however, many striatal interneurons originate from the MGE, 59 and it appears that a dissection that combines both compartments yields a higher total num-ber of DARPP-32 cells and more convincing evidence for functional recovery. 60 This suggests that cells from both compartments contribute to the mature striatal phenotype, and most clinical trials have selected a whole ganglionic eminence (WGE) dissection, at the expense of including a higher proportion of nonstriatal precursors, rather than one restricted to the LGE alone (Table 1) .
A second concern is that several early xenograft studies indicated that striatal grafts may occasionally "overgrow" to the extent of forming space occupying lesions or tumors. 61 With a growing number of studies indicating no similar concerns with allografts in a variety of species, including primates, the observations of extensive growth in those early studies is now thought more likely to be attributable simply to the far greater growth capacity of human embryonic cells when implanted in the very much smaller rodent brain.
The third major area of preclinical development has been the need to develop and refine assessment protocols to be able to determine the longitudinal impact of grafts in small numbers of patients in a slowly progressive neurological disease. Although there is a rich cross-sectional literature of the functional pathology in Huntington's disease 62, 63 and the unified Huntington's disease rating scale (UHDRS) provides a useful index of the stage of the disease, 64 until recently there has been very little careful analysis of the consistency of disease progression or determination of the most reliable tests in cognitive, motor, or psychiatric domains that can be used repeatedly to characterize this. As a result of the need for better assessment tools for transplantation studies, there have now been a number of detailed longitudinal studies published, 65, 66 alongside the development of a core assessment protocol to allow comparison of small numbers of patients in multiple centers under standardized conditions. 67 In addition, both experimental and clinical studies have been employed to determine the efficacy and sensitivity of alternative imaging modalities to evaluate not only the extent of neurodegeneration in the disease, but also the survival of functional graft tissues in the host striatum.
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Clinical trials in Huntington's disease
On the basis of the experimental and preclinical studies, the first pilot clinical trials of neural transplantation in patients commenced in 1990 (Table 1) . The early studies, from Cuba, Czechoslovakia, and Mexico City, each provided brief clinical accounts of implantation protocols and reported that the procedures were achieved without major complications or overt side effects. Each of these studies involved tissue implantation within 1-2 h of spontaneous abortion of the donated human fetal tissue, whereas most subsequent studies have been based on tissue donation from elective abortion. In either case, there are sensitive ethical and social issues associated with using human fetal tissues for transplantation, in [B] ϭ bilateral implants; CN ϭ caudate nucleus; CyA ϭ cyclosporin A; E ϭ weeks of embryonic age; LLGE ϭ lateral aspect of the lateral ganglionic eminence; Pred ϭ prednisolone; pcPU ϭ postcommissural putamen; Pu ϭ putamen; SEs ϭ side effects; Triple ϭ combined cyclosporin A, prednisolone, and azothiaprine; WGE ϭ whole ganglionic eminence; [U] ϭ unilateral implants; VM ϭ ventral mesencephalon.
particular for embryonic and fetal tissues collected from voluntary or spontaneous terminations of pregnancy, and it is imperative that such studies are undertaken only within a framework of strict ethical appraisal and informed consent. 71 Moreover, the practical coordination of tissue donation and neurosurgery is greatly improved by the development of hibernation procedures that allow donated cells to be retained over several days rather than just a few hours without loss of viability. 72, 73 The first extensive series of implants has been undertaken by Kopyov and colleagues at the Good Samaritan hospital in Los Angeles. This group has reported on safety, 74 and observed benefit in motor 75 and neuropsychological 76 tests in publications on small numbers of patients, and graft survival and neuronal differentiation by magnetic resonance imaging (MRI) 77, 78 in a total of 14 patients. Although setting the way for subsequent trials, and providing sophisticated imaging of graft survival and differentiation, this series has provided only a rather limited descriptive account of clinical outcomes, and has raised concerns about the lack of systematic assessment of the patients within a clear experimental trial design.
A second major study has been initiated in Créteil, France by Marc Peschanski and colleagues. This study is the first to be undertaken in accordance with the standardized core assessment protocol for intracerebral transplantation in Huntington's disease (CAPIT-HD), 67 and detailed reports of the surgical methods, safety, functional efficacy, and imaging in the first five patients have now been published. 79 -82 In this series, three of the five patients showed a good clinical response in reduction of motor signs and improvement in UHDRS scores, which were associated with a positive graft signal in fluorodeoxyglucose-positron emission tomography and with restoration of lost sensory-evoked potentials in the electrophysiology tests. 81, 82 A fourth patient never showed any positive response and exhibited no sign of surviving grafts in the physiological and imaging assessments, whereas the fifth patient began to show signs of recovery until suffering a complete relapse immediately after an acute fever followed by change of MRI signal in the grafted region and loss of physiological markers of graft survival, raising the possibility of graft rejection. On the basis of these preliminary results, the French team is now embarking on a multicenter "French-speaking" trial to evaluate the ease of translating complex tissue handling and surgical protocols more widely among nonspecialist neurosurgical centers.
Two additional designed trials are now underway. The first open-label trial from Tampa, Florida, has recently reported on outcome in the first seven patients, of which six showed moderate improvement, whereas one showed significant deterioration resulting in an overall lack of significant change. 83 However, three of the patients developed subdural hematomas after the surgery, which may be attributable to the fact that the stage of disease appears to have been more advanced in this series in comparison to other studies, suggesting that implanting tissue into the already heavily atrophied basal ganglia may involve significantly higher risk than operations in patients at an earlier stage of the disease. One patient in this series died at 18 months after transplantation, of causes unrelated to the surgery, and a detailed anatomical analysis of the postmortem brain has indicated healthy surviving grafts and good differentiation of the grafts into mature striatal-like tissue containing all striatal cell phenotypes examined. 84 The other designed trial involves a multicenter collaboration among the six centers of the United Kingdom arm of the European network for striatal transplantation ("NEST-UK"). We have so far reported on neurosurgical safety in the first four patients over 6 months after unilateral transplantation, with the only complications being mild and reversible disturbance of routine hematological and biochemical indices associated with triple immunosuppression treatment, which has in all cases been controlled by titration of drug dose. 85 On the basis of this pilot safety study, we have now proceeded to the preliminary efficacy stage of the trial according to the CAPIT-HD protocol in 10 patients after bilateral implantations.
One other study is worthy of note, involving implantation of striatal xenografts derived from porcine donors. 86 Of the 12 patients in this study, half were treated with cyclosporin immunosuppression, and in the other six the fetal porcine tissues were treated with a monoclonal antibody directed against surface major histocompatibility complex I molecules. 87 However, surviving grafts were not detectable on MRI, and the treatments had no functional benefit for the patients, 86 which may not be surprising, because fully effective immunosuppression strategies for xenografts have still not been resolved and similar approaches to those used here have been seen to yield rather poor graft survival in experimental monkeys and in a postmortem from a patient with Parkinson's disease. 88 On the basis of the preliminary trials, the two main European networks are collaborating on collecting further data, using comparable assessments to refine the preparation, implantation, and assessment methods to allow a more comprehensive analysis of efficacy in the cognitive and psychiatric as well as motor domains. However, the major progress in developing this program is the very limited reliable supply of suitable donor tissues. Some advances may be achieved with more accurate fetal tissue staging, 48 adaptation of the collection methods (subject to appropriate ethical approval), 89 and better storage and hibernation protocols, 48, 73 but donor tissues based on use of fresh primary fetal tissues, whether derived from elective or spontaneous abortion, can never achieve the levels of standardization and quality control required for a practical experimental medicine. Therefore, the existing trials must be considered "proof of principle" until a more reliable, standardizable, and quality-controlled source of tissue can be identified.
STEM CELLS FOR STRIATAL TRANSPLANTATION
Currently, the most actively explored alternative source of tissues for neural transplantation in Huntington's disease are stem cells. There is discussion about the definition of a stem cell, 90 but for present purposes, stem cells are precursor cells that can self-renew as well as differentiate down alternative lineages to generate some or all cells and tissues of the body. In addition, there are populations of dividing cells that may in fact consist largely of lineage-restricted progenitors with a limited division potential that could still be useful for clinical transplant purposes. Bearing these issues in mind, there are a number of potential stem/progenitor cells sources that are being actively considered for eventual transplant purposes (FIG. 1) : 1) embryonic stem (ES) cells, which are derived from blastocysts and are believed to be totipotent, 2) pluripotent progenitor cells from the embryo, fetus, or neonate, which are already partially committed down a neural lineage, 3) similar progenitor cells isolated from the adult subventricular zone, 4) epidermal germ (EG) cells that are isolated from the gonadal ridge of the embryo and are normally destined to become the ovae and sperm, 5) umbilical blood that can be collected after birth, and 6) a range of other non-neuronal stem cells that may have the capacity to differentiate into neural cells given the appropriate signals.
We can ask three major questions of these proliferating cell systems: 1) Can they produce neurons? 2) Can they differentiate into striatal-like cells to be useful for neural transplantation studies? and 3) Can they survive transplantation into adult models of Huntington's disease and effect circuit reconstruction and restore lost function? As can be seen from the following brief discussion, for most cell sources, questions 1 and 2 are still the main focus of study, and question 3 remains to be addressed.
Fetal neural stem cells
Fetal neural stem cells are isolated from the fetal brain at various gestational periods and from multiple brain regions. 91 They are produced by placing dissociated fetal brain cells into serum-free medium with mitogens such as FGF-2 and EGF. Under these conditions, differenti- ated cells die and more primitive cells proliferate as free-floating spheres of cells, the so-called "neurospheres". 92 The relative responsiveness of the cells to the different mitogens depends on the gestational age of the tissue and the length of time the tissue has been in culture. 93 Such cells have been isolated from a number of species, including human, 94, 95 and can be expanded for prolonged periods in vitro. However, it seems that their neurogenic potential declines with increasing passage with the majority of progenitor cells differentiating to form glia, 96 -98 which may be taken as evidence of their progenitor status and may ultimately limit the amount of expansion that can be achieved. The fact that these cells are able to respond to signals in the developing CNS to produce a variety of different neuronal phenotypes is encouraging. 99 -101 In particular, after short-term expansion, neurospheres transplanted into the adult lesioned rodent brain demonstrate some evidence of striatal-like differentiation. 102 However, after being expanded for longer periods of time, the cells appear to lose the differentiation potential of primary precursor cells. 103 Considerable research effort is now being applied to methods to direct the differentiation of fetal neural stem cells into a striatal phenotype for transplantation, but this has not yet been reliably achieved and will require significant advances in our understanding of the developmental signals important for normal striatal differentiation.
Adult neural stem cells
The concept that there is no cell turnover in the adult CNS has been challenged over the last decade and superceded by the recognition that there is a continuous neurogenic turnover in limited areas. The clearest examples of areas in which neural stem cells appear to reside are the subventricular zone of the forebrain and the dentate gyrus of the hippocampus. In vitro these cells can produce neurons, astrocytes, and oligodendrocytes, offering up hope that it may eventually be possible to manipulate such cells in vivo. Neural stem cells have been identified in the subventricular zone of humans, although the precise nature of these cells and how they relate to their rodent counterparts remains uncertain.
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Embryonic stem cells
ES cells are isolated and expanded from the inner cell mass of the blastocyst stage embryo. A number of human lines have now been generated 104, 105 and in some countries banking of such cells is being developed. In the case of human ES cells, most currently available lines have been generated from surplus embryos following in vitro fertilization. As might be expected, these very primitive cells have the capacity to produce every cell type of the body. It seems that they are also capable of substantial expansion in culture, while remaining relatively stable in terms of the cell population characteristics, and they also have a substantial neurogenic potential. 105, 106 Human ES cells can be directed neurally using a variety of methods, including exposure to retinoic acid, placement of cells in serum-free medium with the mitogen FGF-2, and selection using cell-sorting methods. Studies on mouse ES cells have shown that specific neural progenitor subtypes can be derived by manipulating culture conditions to expose cells to a program of extrinsic signals that recapitulate the developmental events of neural patterning. 107, 108 Furthermore, it has been shown that cells specified this way in vitro retain their imposed cell-type specificities and go on to differentiate appropriately when reintroduced into the animal in vivo, at least for limited periods of time. To date, there has been no demonstration of differentiation into striatal cells. A potential concern with the use of these cells is whether methods for differentiation are 100% efficient, because even tiny numbers of undifferentiated cells may have the potential to form tumors.
Embryonic germ cells
Another potential human cell source, which has so far received rather little attention, is the EG cell. These are derived from primordial germ cells in the gonadal ridge of first-trimester embryos. So far, human EG (hEG) cells have been isolated and expanded by only two groups. 109, 110 These studies have shown that hEG cells can be derived from primordial germ cells, although the conversion efficiency has been low, proliferation has been limited to around 20 passages, and spontaneous differentiation is difficult to control. However, these problems may be surmounted by optimization of the culture conditions. EG cells, like ES cells, spontaneously form embryoid bodies (EBs), spherical structures in which cells begin to differentiate and which can form cell types from all three lineages of embryonic development. When dissociated, EB-derived cells can be vigorously and reliably expanded and efficiently cloned. The resulting cell lines predominantly express markers of the neural lineage, although markers of other lineages are also found. Their gene expression profiles appear to be relatively stable over multiple passages, although heterogeneous between individual lines. 109 So far, EB-derived cells have been insufficiently characterized to properly assess their potential usefulness for neural transplantation. Although they appear to contain neural progenitors capable of robust, long-term expansion, it is not clear whether these are similar to the neural progenitors that can be derived from ES cells and whose subsequent differentiation can be controlled.
Non-neural stem cells
The possibility that easily harvested stem cell populations, such as adult bone marrow stem cells or umbilical cord cells, could have neurogeneic potential has generated a substantial amount of excitement and would open up the opportunity of autologous grafting as well as easy access to tissue for allografting. There have been reports of bone marrow stem cells having the capacity to differentiate into neurons after injection into the adult rodent host. However, this claim is contested and it may be that such results have been the result of cell fusion events rather than true transdifferentiation (for review, see Long and Yang 111 ). The true capacity of other similar sources, including umbilical cord blood, is currently equally unclear.
Striatal differentiation
Directing the differentiation of various stem cells to acquire striatal phenotypes may require new insights into striatal development. The striatum comprises complex populations of projection neurons that largely derive from the LGE of the basal telencephalon, and interneurons that derive from progenitors in the MGE. Responses to extracellular signals are likely to be temporally controlled. A number of genes important in striatal development have already been identified (for review, see Jain and colleagues 112 ). However, it may be necessary to identify a more complete set of genes involved in striatal differentiation and to understand more about their function to develop ways of directing primitive cells toward a striatal phenotype.
EX VIVO GENE TRANSFER FOR STRIATAL NEUROPROTECTION
As the availability of primary or stem cells for practical therapy remains problematic, an alternative approach has been to explore neuroprotective strategies for protecting host cells against the disease process itself.
CNTF delivery
The principle underlying neuroprotective gene therapy is that many classes of neurones can be protected against damage or loss, whether because of trauma or disease, by interfering with processes involved in cell death. This can be achieved at multiple levels, by blocking excitotoxicity, metabolic impairment, oxidative stress, or apoptotic processes, or by promoting survival, differentiation, and growth using a variety of molecules, such as trophic factors that guide and regulate neuronal development. 113 In particular, a variety of growth factors, including the neurotrophins BDNF, neurotrophin (NT)-3, and NT-4/5, interleukins, FGF, GDNF, and CNTF have all been found to promote the survival of striatal neurones in culture. 114 -116 Many of these are also effective at protecting striatal neurons against excitotoxic [117] [118] [119] or ischemic insult in vivo. Of the variety of molecules explored, CNTF is probably the most potent. 120 Since trophic factors are large molecules and do not readily cross the blood-brain barrier, early studies required direct intracerebral delivery by cannulation. There has therefore been a search for improved delivery methods, including in vivo and ex vivo gene transfer. Thus, CNTF, GDNF, and other trophic factors have been incorporated into viral vectors, including adenovirus and lentivirus, for direct intracerebral infection of endogenous striatal neurons, and which can provide significant protection against excitoxic lesions. 121, 122 However, some of the problems associated with this approach are that it can be difficult to standardize and regulate intracerebral gene transfer, many of the vectors are toxic, and there are frequent difficulties in obtaining stable longterm gene expression. 113 Consequently, an alternative approach has been to engineer cells to express the desired transgene, allowing full characterization and safety assessment in vitro, before transplantation for delivery of the gene product in vivo (so-called ex vivo gene therapy). 123, 124 Thus, for example, both NGF and FGF-secreting fibroblasts have been seen to protect striatal neurons against quinolinic acid toxicity. 125, 126 Although the neurosurgical delivery of cells that deliver trophic support is in principle entirely similar to that required for primary neuronal and stem cell grafts, the mechanisms by which the grafts are expected to act is quite different. 127 Rather than the requirements to express specific neuronal phenotypes and integrate with host circuitry, trophic grafts are only required to secrete defined molecules at physiological levels, and preferably at regulatable rates, which may significantly ease the design demands. In an interesting development of this principle, Tan and Aebischer 128 have developed the strategy of encapsulating engineered cells within semi-permeable polymer tubes which allow the passage of oxygen and nutrients into the grafts and the secreted growth factor back into the brain, but serve to isolate the cells of the graft from those of the host. This allows containment of cell lines that would otherwise be tumorigenic, and use of nonhuman cells that would otherwise be rejected by the host immune system, markedly enhancing both the practicality and the safety of the delivery system. Thus, intrastriatal implantation of baby hamster kidney cells engineered to express CNTF protected rodent striatal neurons against quinolinic acid toxicity 129,130 and alleviated deficits on a range of both motor and cognitive tests. 131 To provide preparation for clinical application, the strategy has been scaled up to primates, and found to be equally effective in providing functional neuroprotection against excitotoxic insult in the caudate and putamen.
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Preliminary clinical trials
The encapsulation strategy has already been used in pilot trials in several clinical conditions including terminal cancer pain, 134 amyotrophic lateral sclerosis, 135 and Parkinson's disease. A protocol for a clinical trial in Huntington's disease has been published 136 and this trial is believed now to be underway, although no results are yet available.
FUTURE DEVELOPMENTS
It remains the case that there is as yet no effective therapy for repair, replacement, or protection of the neurodegeneration in Huntington's disease, or indeed of any similar neurogenetic disease. In the present account we have summarized the current state of play with cell replacement and neuroprotection strategies, which are in essence based on experimental strategies to repair the pathology or provide generalized cellular protection against nondisease-specific aspects of cell death. With the identification of the gene, there has been a proliferation of hypotheses about the pathogenic process and causation, 2 although so far with little direct evidence that allows us to conclude the actual mechanism whereby the genetic mutation is translated into the slow, progressive, focal degeneration of striatal neurons. Nevertheless, new therapeutic strategies are suggested to block transcriptional dysregulation and downstream changes in cellular metabolism and response to stress, 2 and it could be that these experimental studies identify novel treatments that prove effective in clinical trial, giving credence to the associated hypotheses of disease causation and process.
Until such time as we can actually halt or reverse the disease process, reparative therapies such as those described here will continue to play a major role. It is easy to challenge existing strategies with the charge that they might not work, because Huntington's disease might not be a purely striatal disease or that a trophic-mediated treatment might not impede the actual mechanism of cell death. However, with plausible hypotheses (but no certainty) about mechanistic processes, the only rational way forward when faced by such devastating disability is, in our view, to conduct informative well designed trials founded on high-quality experimental studies in vitro and in vivo. With the present rate of advance both in animal models and in the understanding of cellular and molecular processes in the disease, we can expect rapid advances in basic science leading quickly over the next decade to major advances in new strategies for therapy and improved prognosis for patients. 
